One of the major environmental concerns of nowadays is the presence of heavy metals in industrial effluents. Aiming a solution for this problem, various efforts have been made towards research and implementation of economic and easily adaptable processes to remove heavy metals. The ability of a biofilm of Escherichia coli supported on NaY zeolite to biosorb Cr(VI), Cd(II), Fe(III) and Ni(II) was investigated in batch experiments aiming the treatment of wastewater with low metal concentrations. The biosorption performance, in terms of uptake, followed the sequence: Fe(III) > Ni(II) > Cd(II) > Cr(VI). The equilibrium data in batch systems were described by Langmuir, Sips and Toth isotherms. The best fit for chromium was obtained with the Toth model isotherm and for cadmium and nickel the best fit was the obtained with the Sips model. The presence of functional groups on the cell wall surface of the biomass that may interact with the metal ion, was confirmed by FTIR. The whole study showed that the biofilm tested is very promising for the removal of metal ions from effluents.
Introduction
The increasing concern with the environmental pollution motivates the development of new technologies for the treatment of heavy metals contamination. Several metals can seriously damage the environment with hazardous effects on human health.
Because of its high toxicity and mobility, the case of cadmium is of great interest. Anthropogenic activities such as industrial waste disposals, fertiliser application and sewage sludge disposal led to the accumulation of Cd on the ecosystem [1] . Nickel is widely used in plating plants, steel and metallic alloys factories, Ni batteries production [2] , mine drainage, paint and ink formulation and porcelain enamelling [3] . The pollution produced by iron is a consequence of many industrial activities such as coating, automobile, aeronautic and steel industries [4] and the one produced by chromium is a result of multiple activities like textile dyeing, chemicals and pigments production, wood preservation, tanning activity and electroplating for surface treatment [5] .
Heavy metals removal from industrial effluents is traditionally carried out by coagulation, precipitation, ion-exchange, cementation, electro-dialysis, electro-winning, electro-coagulation or reverse osmosis [6] . These methods are not only expensive but they also have drawbacks such as incomplete metal removal, high energy * Corresponding author. Tel.: +351 253604400; fax: +351 253678986.
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and reagent requirements and excessive generation of toxic sludge [7] .
Biosorption is the property of same biomaterials as bacteria, yeasts, fungi, agricultural wastes, etc., to bind to and to concentrate metals from aqueous solutions and it includes metal uptake by active (metabolically mediated uptake) and passive modes (physico-chemical pathways) [8] . This process is very promising due to its ecofriendly nature, excellent performance and low cost [9] . The high affinity, rapid metal uptake and maximum loading capacity are some of the important factors to consider when selecting a biosorbent [8] . Bacteria have the largest surface area to volume ratio of any independent life form. The structural polymers in the bacteria cell wall provide acidic functional groups like carboxyl, phosphoryl and amino groups that are directly responsible for the reactivity of bacterial cells [10] . Biofilms are defined as a structured community of bacterial cells enclosed in a self-produced polymeric matrix and adherent to an inert or living surface [11] . This polymeric matrix has important functions that include adhesion to surfaces, formation of a protective barrier that provides resistance to biocides or other harmful effects and sorption of elements from environment [12] .
Zeolites are aluminosilicates with crystalline structures constructed from TO 4 tetrahedra (T = Si, Al). These crystals are characterized by a uniform three-dimensional pore structure, with pores with variable shape and well-defined diameters of molecular dimensions [13] . The zeolites possess a net negative structural charge due to isomorphic substitution of cations in the mineral lattice. Hence, they have a strong affinity for transition metal cations, [ 24] but only little affinity for anions and non-polar organic molecules [14] . NaY zeolites with an average pore diameter of 7.8 Å, present one of the largest surface area and the highest cation-exchange capacity [15] . The behaviour of a NaY zeolite during the adsorption of heavy metals was described by Oliveira et al. [15] , that studied the adsorption of Cr 3+ , Cu 2+ and Zn 2+ and more recently by Mihaylov et al. [16] who investigated the redox behaviour of gold species in NaY zeolite. The biosorption by Escherichia coli was also studied by Deng et al. [17] who used a gene-modified E. coli JM109 for cadmium removal from aqueous solution and Ansari and Malik [18] who used the bacteria E. coli for the biosorption of nickel and cadmium. The use of bacteria supported on a solid surface, biofilms, for the treatment of aqueous solution contaminated with heavy metals was also studied. Tavares et al. [19] investigated the behaviour of a biofilm of Arthrobacter viscosus supported on NaY zeolites on the removal of Cr(VI) and Quintelas et al. [20] analysed the biosorption efficiency of a E. coli biofilm supported on GAC for the treatment of Cr(VI) aqueous solutions and of an industrial effluent.
This work aims to investigate the biosorption behaviour of a biofilm of E. coli supported on NaY zeolite on the treatment of cadmium, iron, nickel and hexavalent chromium aqueous solutions. The suspended biofilm by itself will not be applicable in continuous treatments and the zeolite by itself does not retain all the metals, depending of their specific chemistry. The synergetic effect between the E. coli biosorption ability and the retention capacity of the zeolite was evaluated. A comparison was established between the retention of an anion, Cr(VI), and different cations, Cd(II), Fe(III) and Ni(II). The effect of heavy metal initial concentrations was analysed. Adsorption characteristics of a biosorbent can be depicted by an adsorption isotherm. Langmuir, Sips and Toth models are commonly used for the description of adsorption data and were applied to the experimental results described herein. The presence of functional groups in the suspended biomass that may have a role in biosorption process was investigated by FTIR.
Materials and methods

Materials
The bacterium E. coli was obtained from the Spanish Type Culture Collection of the University of Valência. Heavy metals stock solutions were prepared by diluting K 2 Cr 2 O 7 (Panreac, p.a.), FeCl 3 ·(6H 2 O) (Riedel, p.a.), CdSO 4 ·(8/3H 2 O) (Riedel, extra pure) and NiCl 2 ·(6H 2 O) (Riedel, pure), in distilled water. Atomic absorption spectrometric standards were prepared from 1000 mg/L metal solutions.
The Faujasite zeolite NaY (Si/Al = 2.83) with specific surface area of 900 m 2 /g, was obtained from Zeolyst. It was calcined at 500 • C during 8 h under a dry air stream prior to use. The zeolite was selected due to its capacity for immobilising microorganisms [21] and to its large surface area.
All glassware used was washed in 10% nitric acid and subsequently rinsed with deionised water to remove any possible interference by other metals.
Methods
Batch biosorption assays
A medium with 5 g/L of beef extract, 10 g/L of peptone and 5 g/L of NaCl (pH 7.2) was used for the microorganism growth. The medium was sterilized at 121 • C for 20 min, cooled to room temperature, inoculated with bacteria and kept at 37 • C for 24 h with moderate stirring (150 rpm) in an incubator. Then, batch experiments were conducted using 1 g of the NaY zeolite with 15 mL of E. coli culture media and 150 mL of the different heavy metal solutions with 10, 25, 50, 70, 80 and 100 mg/L in 250 mL Erlenmeyer flasks. The pH of the initial solutions was measured (pH meter ORION 720A) and the solutions used on the experimental work reported here present pH between 4.6 and 5.1 (for chromium), 2.7-3.5 (for iron), 5.6-6.0 (for cadmium) and 5.7-6.2 (for nickel). All experimental work was conducted in duplicate. The Erlenmeyer flasks were kept at 37 • C, with moderate stirring to promote the contact between the biofilm and the metal solutions, for about 10 days (time required to reach the equilibrium, accordingly to previous studies). Samples of 1 mL were taken, centrifuged and total metal ions concentrations during the experiments were measured using a Varian Spectra AA-400, an atomic absorption spectrophotometer (AAS). Three isotherm equations have been tested in the present study and are presented in Table 1 . The simplest method to determine isotherms constants with two parameters (Langmuir) is to transform them so that the equation presents linear form and then linear regression is applied. For the other equations, the model parameters were estimated by non-linear regression using MATLAB and EXCEL software.
Characterization procedures
Samples of the biofilm were taken and analysed (after dehidratation with different concentrations of ethanol) by SEM (Leica Cambridge S360). Samples were gold coated prior to SEM observation. These pictures intend to show that the biofilm covered uniformly the NaY surface and each of them is an example of many pictures taken at various zoomed areas. Infrared spectra of the unloaded biomass and of the metal loaded biomass, both in suspension, were obtained using a Fourier transform infrared spectrometer (FTIR BOMEM MB 104). For the FTIR study, biomass was centrifuged and dried, followed by weighting. Then, 10 mg of finely grounded biomass was encapsulated in 100 mg of KBr in order to prepare translucent sample disks. 
Results and discussion
Batch biosorption assays
Comparison of biosorption performance between the different metal ions
The results obtained in the batch biosorption assays showed differences on the biosorption performance between the heavy metals studied (Fig. 1a and b) . These differences on biosorption capacity are due to the chemical properties of each metal such as valence and atomic weight and due to the properties of the biomass such structure, functional groups and surface area [2] . According to studies performed by Unuabonah et al. [25] , the mechanism of biosorption usually involves two different kinds of reactions: a chemical reaction between surface functional groups on the biosorbents and the metal ions, forming metal-inorganic/organic complexes or a cation-exchange reaction due to high cation-exchange capacity of the biosorbent. The biosorption dynamics follows three consecutive steps: transport of the solute from bulk solution through liquid film to the adsorbent exterior surface, solute diffusion into the pore of the adsorbent and finally adsorption of solute on the interior surface of the pores and capillary spaces of the adsorbent.
In all the experiments performed, the removal of metal ion was fast and presented a typical biosorption kinetics, which includes two phases: the first one is associated with the external cell surface and the second one is an intra-cellular accumulation/reaction, depending on the cellular metabolism [26] . It was expected that as initial metal ion concentration increases, the uptake, defined as the mass of retained metal by mass of biosorbent, would also increased. This is true for all the metal ions tested except for chromium. For this metal, the uptake increases until an initial chromium concentration of 57 mg/L and then decreases, most probably because of a xenobic effect caused by higher concentrations of chromium on the biofilm.
The decreasing sequence of uptake values by the E. coli biofilm is Fe(III) > Ni(II) > Cd(II) > Cr(VI). The affinity of a sorbent for a metal may be explained by its cation/anion state and by the electronegativity of the metal ions due to the negative charge of the biomass: Fe (1.96 Pauling) has greater electronegativity than Ni (1.8 Pauling), Cr (1.6 Pauling) [27] and Cd (1.69 Pauling) [28] . Despite the higher electronegativity and cationic state, the reduced ionic radius of iron that promotes its penetration into the polymeric net, also contributes for the good overall results obtained for iron. Barros et al. [29] justified the low removal of hexavalent chromium by the zeolites with the difference between the relative big anionic radius of chromium and the porous diameter of the zeolite and with the strong tendency of chromium to form complexes.
The pH values of the metal solutions are also an important factor that deserves especial attention. Several authors found that the optimal pH for the biosorption of nickel was around 6 [30] [31] [32] . At pH lower than 6, occurs a competition between hydrogen and Ni(II) ions for the biosorption sites, which restricts the approach of metal cations as a consequence of repulsive forces, and the Ni(II) removal is strongly inhibited [3] . At higher pH values, the biosorption of Ni(II) decreases significantly. Sari et al. [2] explained that the decrease in biosorption at pH higher than 6 is due to the formation of soluble hydroxylated complexes of the metal ions and their competition for the active sites.
The pH value that allows to obtain the maximum biosorption capacity for cadmium is around 5-6, in accordance to various authors [33] [34] [35] . At these pH values, ion exchange is the main mechanism responsible for metal ion biosorption [33] . Pino et al. [36] affirm that for values of pH higher than 9, the cadmium ions precipitate as Cd(OH) 2 and for pH lower than 5, the uptake values decrease because most of the carboxylic groups, present on the cells surface of the bacteria, are not dissociated and are not able to sequester the metal ions in solution.
Recent studies developed by Ghimire et al. [37] showed that in spite of the increase in adsorption of Fe(III) with the increase in pH until 3, it decreased very fast for higher values due to the hydrolysis of Fe(III). These authors suggested that the iron ions are adsorbed according to a cation-exchange mechanism, releasing protons from the biofilm.
At pH lower than 6, Cr is in an anionic state. Accordingly to Yang and Chen [38] , chromium uptake above pH 6 becomes negligible. Previous studies to the present one [39, 40] suggested that the biofilm plays an important role in the biosorption of chromium: first the biofilm reduces Cr(VI) to Cr(III) and then the smaller Cr(III) is fixed on the internal zeolite surface. Park et al. [41] affirm that the reduction of Cr(VI) to Cr(III) occurs in the pH range 1-5 and appears to occur at the surface of the biomass. These authors suggested two different mechanisms for the reduction of Cr(VI). On a first mechanism, Cr(VI) is directly reduced to Cr(III) in the aqueous phase by contact with electron-donor groups of the biomaterial and then remains in solution, forms complexes with Cr-binding groups or is retained on the zeolite matrix. On a second mechanism, the reduction may be performed on three steps: (i) binding of anionic Cr(VI) by positive groups present on the biofilm surface, like amino and carboxyl groups, (ii) reduction of Cr(VI) to Cr(III) by adjacent electron-donor groups and (iii) release of Cr(III) into the aqueous phase due to electronic repulsion by positive-charged groups or complexation of Cr(III) with adjacent groups.
All these statements reinforce the decision of using metal solutions with pH values in the range 4.6-5.1 (for chromium), 2.7-3.5 (for iron), 5.6-6.0 (for cadmium) and 5.7-6.2 (for nickel) in the experimental assays of this study. In terms of removal percentage, the results showed 100% of removal for iron for the whole range of concentrations tested (6-99 mg/L). For nickel, the removal percentage remains approximately the same for all the initial concentrations tested (between 82.5% and 85.5%) and is higher than the obtained for cadmium and chromium.
It is important to say that the biofilm covered uniformly the zeolite surface (confirmed by SEM). The biofilm grew on the support at the very same conditions for all the assays and at the end samples of the effluent were seeded in Petri plates with nutrient agar to assess the metabolic activity of the microorganism. In spite of the xenobiotic environment, the bacteria were still able to grow. These three points reinforce the reproducibility of the assays.
Modelling of batch biosorption data
The modelling of the equilibrium data is essential for industrial applications of a biosorption process because it produces information that allows to compare different biomaterials under different operational conditions. For the biosorbent used (biofilm + NaY zeolite), adsorption isotherms were experimentally determined. Three different models -Langmuir, Sips and Toth -were fitted and the calculated constants are presented in Table 2 and the comparison between the experimental results and those predicted by the best-fitted model are also shown in Fig. 2 . For iron and for the whole range of initial concentrations tested, the concentration at equilibrium was always zero or, in other words, iron was totally biosorbed and consequently is pointless to represent C e (mg/L) vs. Q e (mg/g). The best fit for chromium was obtained with the Toth model isotherm and for cadmium and nickel the best fit was the obtained with the Sips model. The fact that the Langmuir model does not fit the experimental data obtained for any of the metal ions, suggests disagreement with the assumptions of the Langmuir model, that are, accordingly to Bunluesin et al. [34] : the solid surface presents a finite number of identical sites that are genetically uniform, there are no interactions between adsorbed species, indicating that the amount adsorbed has no influence on adsorption rate and a monolayer is formed when the solid surface reaches saturation. Fig. 2 . Comparison between the experimental results and those predicted by the best-fit model for the metals adsorption isotherms. 
FTIR spectral analysis
The FTIR spectra of unloaded and metal loaded E. coli biomass in the range of 500-4000 cm −1 were taken to confirm the presence of functional groups that are usually responsible for the biosorption process and are presented in Fig. 3 . As it may be seen, unloaded biomass displays a number of absorption peaks, reflecting the complex nature of the biomass. Studies developed by Volesky [42] and Pavan et al. [43] concluded that the main functional groups responsible for a biosorption process are the hydroxyl, carbonyl, carboxyl, sulfonate, amide, imidazole, phosphonate and phosphodiester groups, some of them present on the E. coli biomass. Santos et al. [44] studied the evidence of surface active sites on NaY zeolite by a model reaction and concluded that in NaY, the possible active sites could be sodium (Lewis sites), silanols, surface defects or extra-framework aluminium (EFAL species).
Conclusions
It was demonstrated that a biofilm of E. coli supported on NaY zeolite is able to remove Cr(VI), Cd(II), Ni(II) and Fe(III) from aqueous solutions. The isotherms were fitted and the best fit for chromium was obtained with the Toth model isotherm and for cadmium and nickel the best fit was the obtained with the Sips model. In terms of removal percentage, the results showed 100% of removal for iron for the whole range of concentrations tested. For nickel, the removal percentage remains approximately the same for all the initial concentrations tested (between 82.5% and 85.5%) and is higher than the obtained for cadmium and chromium. The analyses by FTIR showed that functional groups on the biomass, such as hydroxyl, carboxyl and phosphate groups, may be the main binding sites for biosorption of the studied metals by E. coli. Finally, the metal affinity to the biofilm was found to follow the sequence of Fe > Ni > Cd > Cr and the preference of a sorbent for a metal may be explained on the basis of electronegativity of the metal ions and on the basis of the cation/anion state.
